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Abstract 
SiIAION ceramics have complicated chemistry and should be considered a group of alloys 


with diverse characteristics. It is generated when silicon nitride (Si3N4), aluminium oxide 


(Al,03) and aluminium nitride (AIN) react together. If sintering aids such as Dysprosium 


oxide are added to the initial composition, fully dense polycrystalline bodies can be 


produced through pressureless sintering. Inter-granular phase composition and structure 


may be modified by dopants and sintering conditions, which significantly impact the 


characteristics of SIAION ceramics. The focus of this study was concentrated on the nature of 


densification and nature of the phases that appeared in SiAION. It was found that the 


volume and density of all the specimens considerably reduced and enhanced, respectively 


owing to sintering at elevated temperatures. The XRD results showed various phases as per 


their relative intensities, which indicates densification will alter different properties, 


especially mechanical and thermal properties. 


Keywords: Densification, dysprosium oxide, heat treatment, shrinkage analysis, 


SiAION, XRD characterization. 


Introduction 

In the mid '60s with the developments of 
SizN4, a new era based on ceramics began. 
This unique material exhibited a combination 
of high 
inertness 


strength, appreciable chemical 


and excellent thermal shock 


withstanding properties. But in handling this 
material, two major difficulties had to be 
insufficient densification 


overcome, i.é., 
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behaviour and production of complex or 
intricate shaped parts (Jack, 1976). To solve 
those problems, reaction bonding and hot 
pressing methods were employed. However, 
issues related to designing intricate parts 
were not over yet. On the other hand, the 
material thus produced proved its superiority 
over the  metal-super 


alloy system in 


comparison during the operation of two 
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ceramic gas turbine engines at elevated 
temperatures. While working under extreme 
thermal shock and high stress, a phenomenal 
change in its property was noted. 

The layer of irremovable silica (present 
within the reacted with MgO 
(additive) which produces a glassy second 


system) 


phase material. This deteriorates the shock 
the 
material. From this deduction, it was clear to 


withstanding property of ceramic 
the scientists that rather than doing with 
pure Si3N,, which was always a two-phase 
material, a single-phase material can do 
better. Proper alloying and introduction of 
oxygen in the crystal lattice is essential to 
prepare a_ single-phase homogeneous 
material. It was discovered that two different 
phases (a and f) are present in the Si3N, 
Nitriding 
nitrogen resulted in the formation of the a 


crystal. silicon with molecular 
phase, which had around one in every 30 
nitrogen atoms replaced by oxygen in its 
structure (Ekstrom and Nygren, 1992). In the 
Si-O-N system, the existing Si,N2O is just as 
good as a ceramic like Si3N,. It is built up of 
Si-O-N tetrahedral and consists of parallel 
sheet lattice as Si-N atoms are joined by Si-O- 
Si bonds. It was also observed that in the a 
phase structure, oxygen atoms replaced a 
few nitrogen atoms without changing the 
original structure as per simple principles of 
silicate chemistry. 

SiAION ceramics are potential prospects for 
engineering applications, and they are used 
in immersion heater and burner tubes, 
balls, 
protection tubes, gas turbines, welding and 


ceramic bearing thermocouple 
brazing fixtures and pins etc. Due to their 
great toughness and hardness, a-B-SiAION 
and Si3N, ceramics are employed as cutting 


tool materials. Due to a combination of high 
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hardness, strength, and toughness, 


a-B- 
SiAION ceramics offer certain benefits over 
Siz3N, ceramics among these two classes of 
materials. The mechanical characteristics of 
SiIAION ceramics are known to be impacted 
the 
microstructure is influenced by varied 
sintering settings (Satet et al., 2006; Shibata 
et al., 2004; Ziegler et al., 2003; Li et al., 
2001; Liu and Nasser, 1998). a can be 
strengthened in-situ by combining B-SiAION 
(B, solid solution based on B-Si3N4, Sis. 
xAl,O,Nz.,) and SiAION polytype phases (Cao 
et al., 1992). 

Individual SiAION phases have various grain 


by microstructure evolution, and 


morphologies and inherent characteristics. 
From the early research works on M-SiAION 
regarding its nature of densification, it was 
observed that rare earth metal oxide plays a 
big role. In this study, Dysprosium was used 
as additive during the synthesis of Dy-SiAION 
as it exhibits maximum rate of densification 
at lower temperature. 


Materials and methods 

High purity (>99.9% purity) SizN, (UBE Co. 
Ltd., Japan), AIN (Tokuyama Corp., Japan), 
Al,03 (Alcoa A16-SG, Pittsburgh, USA),and 
Dy,03 (MSE Supplies, Tucson, AZ 85711, USA) 
different 
samples with various compositions (mixtures 
of SizNz, AIN, a-Al,O3 and Dy,03 powders in 
different weight ratios) were made for the 
experiment viz.S1 (80.08% SizN, & 19.92% 
additives), S2 (78.96% Siz;N, & 21.04% 
additives), S3 (77.82% Siz;N, & 22.18% 
additives), and S4 (76.24% SizN, & 13.76% 
additives). Sintering of the specimens was 


powders were collected. Four 


performed at various temperatures (1290°C- 
1850°C). 
shown in the flow chart (Fig. 1). 


The experimental procedure is 
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Preparation of powder mixtures 


Attrition milling 


Sintering and dilatometric study 


Characterization process 


Fig. 1. Flow chart of the experiment. 


Preparation of specimens 


100 g of powder mixture for every 
particular batch were carefully transferred 
into SiAION attritor jar. About 600 g of 
SiAION _ balls taken for 


purposes depending on the composition of 


were attrition 
the mixture. Attrition milling was done in the 
Simens attritor milling system. Using SiAION 
stirrer in acetone media powder mixtures 
were attrited for 3 hours @ 300 rpm. Once 
the attrition milling was over, the slurry was 
readily transferred to a flat, pre-washed dried 
steel tray and kept for 10 minutes for natural 
vaporization of acetone. To remove 
remaining acetone fume, a box dryer was 
used for several hours. The ball and powder 
mixture was sieved using 170 grit mesh to 
obtain uniform and fine grade particles. This 
procedure was repeated for every set of 


samples. Green pellets of the samples were 





made by using Cold Isostatic Press for heat 
treatment operation and Dilatometric study. 
Green pellets of the samples were sintered 
1850°C @ 
in a controlled atmosphere 


at a temperature up to 
10°C/minute 
followed by rapid cooling. At the initial stage 
of sintering, Dilatometric studies were 
performed, and later densification studies 
were performed. During densification, 
Dilatometric studies were performed to 
observe actual shrinkage value and shrinkage 
rate. For the phase analysis operation, 
temperature zones were marked on the 
shrinkage rate curves, i.e., 1290°C, 1390°C, 
1420°C, 1450°C, 1495°C and 1540°C. Heat 
treatment operations were performed at 
those temperature ranges along with fully 
sintered temperature, i.e., 1850°C for all 
samples. The phases of the heat-treated 


samples were identified by XRD analysis using 
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"SEIFERT 3000 P" diffractometer with CuK, 
radiation. 


Results and discussion 
Weight, volume and density of green and 
sintered samples 

It was noted that the volume and density 
of all the specimens significantly reduced and 
enhanced, respectively. The results are 
shown in Table 1. This phenomenon occurred 
due to the reduction of porosity of the 


samples due to the sintering process. 


Shrinkage curve analysis 
$1-S4, 
evidences of actual visible shrinkages up to 
1200°C, 1225°C, 1255°C, and 1252°C, 
respectively. Around 1320°C, 1325°C, 1305°C, 
and 1327°C in the S1-S4 samples first small 
peak was shown on the SRC (shrinkage rate 


For samples there were no 


curve), respectively. It occurs due to the 
momentary expansions of the specimens. 
could be due to the 
formation of aluminates and DyAM 
(Al,Dy,0,) within the system. After that, 
contractions 


The expansions 


and expansions were 
counterbalanced due to the formations of no. 
of intermediate phases within the systems of 
$1-S4 specimens at 1352°C, 1390°C, 1365°C, 
and 1375°C, 
displayed an almost flattened horizontal 
curve up to 1380°C, 1410°C, 1390°C, and 
1397°C in all samples, respectively. Between 
1380-1435°C, 1410-1435°C, 1415-1425°C, 
1395°C-1425°C and there was a noticeable 


change in the SRC. These were the starting 


respectively. Therefore, SRC 


point of major shrinkage zones. At the 
temperature 1445°C (S1), 1445°C (S2), 
1440°C (S3), and 1455°C (S4) ASC (actual 
shrinkage curve) started to move upward, 
which 


shrinkage. 


shows the beginning of actual 


For the next 240 seconds, a steep curve 
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was formed due to rapid shrinkage for 
specimen S1. For S2-S4, it was 240, 120, and 
120 seconds, respectively. Up to 1455°C, the 
slope was almost linear for $1, S2, and S3 
specimens, but for S4, the temperature was 
1510°C. Shrinkage rate recorded for the 
samples during respective periods as 
29.92um/min, 24.56 um/min, 29.63 um/min, 
and 70.80 um/min, respectively with actual 
shrinkage values of 0.13 mm, 0.09 mm, 0.08 
mm, and 0.36 mm, respectively. Within next 
368 seconds (S1), 360 seconds (S2), 360 
seconds (S3), and 315 seconds (S4), sintering 
occurred vigorously and the SRC reached to 
its extreme value of 167.3 um/min at 1557°C, 
210.37 um/min at 1527°C, 216.113 m/min 
at 1551°C, and 345.57 um/min at 1569°C, 
respectively. Actual shrinkages observed 
during this stage were 1.73 mm, 1.40 mm, 
1.89 mm, and 2.01 mm, respectively, for S$1- 
S4 samples. During this span, 90% of the total 
shrinkage occurred. 

SRC falls rapidly in S1-S4 after 1562°C, 
1530°C, 1560°C, and 1560°C, respectively and 
at 1595°C, 1585°C, 1595°C, and 1595°C, 
respectively it was creeping at a negligibly 
low rate. Two minor peaks were formed in all 
samples at 1650°C and 1730°C temperatures; 
although, ASC showed continuous shrinkages 
at a linear rate for all the samples. At the 
temperature of 1850°C total shrinkages were 
3.0 mm (S1), 2.59 mm (S2), 2.40 mm (S3), 
and 2.99 mm (S4), respectively. Shrinkage 
curves are shown in Figures 2a-5b. 


XRD analysis 

In the samples S1-S4, it was observed from 
the XRD curves that several changes were 
taking place during sintering at different 
temperature ranges. 
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Table 1. Weight, volume and density of green and sintered samples. 















































Samples Green sample Sintered sample 
Weight Volume Density Weight Volume Density 
(g) (cc) (g/cc) (g) (cc) (g/cc) 
S1 1.6994 1.0215 2.6634 1.6750 0.7846 3.2125 
$2 2.3507 1.0526 2.4744 2.1096 0.8426 3.7628 
$3 3.5263 1.7974 2.3200 3.3268 1.2991 3.4663 
S4 1.6273 0.9086 2.4908 1.5574 0.7204 3.1618 
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Fig. 2a. Shrinkage rate vs. temperature plot of specimen S1. 
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Fig. 2b. Shrinkage rate vs. time plot of specimen S1. 
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Fig. 3a. Shrinkage rate vs. temperature plot of specimen S2. 
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Fig. 3b. Shrinkage rate vs. time plot of specimen S2. 
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Fig. 4a. Shrinkage rate vs. temperature plot of specimen S3. 
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Fig. 4b. Shrinkage rate vs. time plot of specimen S3. 
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Fig. 5b. Shrinkage rate vs. time plot of specimen S4. 
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At 1290°C prominent peaks of a-Si3N4, a- 
Al,O3, and unreacted AIN were present. 
There was a presence of B- Si;N,. At 1390°C, 
phases of a-Si3N, were predominant, 
whereas a-Al,03 and unreacted AIN were 
reduced. Moreover, a new phase was 
developed at this temperature called DyAM 
(Al,Dy,0.,). During this stage, a small region 
of expansion was noticed on the shrinkage 
curve. DyAM was present for a_ short 


VI 








temperature range period and disappeared 
below 1450°C. For S1, at temperature 
1420°C, the presence of AIN and a-Al,03 
were found out along with a-Si3N,. For S4, 
AIN and a-Al,03 was disappeared at this 
temperature. Data of S2 and S3 show 
intermediate results. The main reaction 
products were between the temperature 
range 1450-1540°C, 
DyAG(Al3Dy 40,2). 


a-SisN4 and 
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Fig. 6a. XRD analysis of sample $1 @ 1290°C. 
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Fig. 6b. XRD analysis of sample $1 @ 1390°C. 


24 


Int. J. Exp. Res. Rev., Vol. 26: 16-34 (2021) 



















































350 
300 
250 
oO 200 
= 
—s 150 
100 
50 
0 
T 7 T ¥ T ¥ T T LJ T 7 T 
10 20 30 40 50 60 70 
20 
Fig. 6c. XRD analysis of sample $1 @ 1420°C. 
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Fig. 6e. XRD analysis of sample $1 @ 1495°C. 
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Fig. 6f. XRD analysis of sample $1 @ 1540°C. 





a-a@Si,N, 
B-B SiN, 

















10 20 30 40 50 60 70 


20 














1/ | 





20 
Fig. 7a. XRD analysis of sample S2 @ 1290°C. 
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Fig.7b. XRD analysis of sample S2 @ 1390°C. 
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Fig. 7c. XRD analysis of sample S2 @ 1420°C. 
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Fig. 7d. XRD analysis of sample S2 @ 1450°C. 
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Fig. 7e. XRD analysis of sample S2 @ 1495°C. 
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Fig. 7f. XRD analysis of sample S2 @ 1540°C. 
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Fig.7g. XRD analysis of sample S2 @ 1850°C 
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Fig. 8a. XRD analysis of sample S3 @ 1290°C. 











Fig. 8c. XRD analysis of sample S3@ 1420°C. 
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Fig. 8d. XRD analysis of sample S3@ 1450°C 
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Fig. 8f. XRD analysis of sample S3@ 1540°C. 
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Fig. 8g. XRD analysis of sample S3@ 1850°C. 
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Fig. 9a. XRD analysis of sample S4@ 1290°C. 
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Fig. 9b. XRD analysis of sample S4@ 1390°C. 
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Fig. 9c. XRD analysis of sample S4@ 1420°C. 
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Fig. 9d. XRD analysis of sample S4@ 1450°C. 
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Fig. 9e. XRD analysis of sample S4@ 1495°C. 
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Fig. 9f. XRD analysis of sample S4@ 1540°C. 
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Fig. 9g. XRD analysis of sample S4@ 1850°C. 


For S1 and S2, B-Siz3N, appeared between 
the temperature ranges of 1450-1495°C. At 
1495°C, there was a significant shift in the 
XRD curve. The amount of DyAG was 
reduced. Major peaks of B-Si3N, 
merging with other phases. At 1540°C, a- 


Siz;N, and B-SizN, were present at almost 1:1 


were 


ratio. The amount of DyAG present was 
virtually nil, and the number of peaks has 
been reduced significantly. At 1850°C, the 
sample was fully sintered, and there were 
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only the phases of a-SizN, and B-Si3N, at a 
1:1 ratio. Most of the peaks were merging. It 
was also noted that around 33-35°, there was 
a sharp peak shown in every curve, which 
might have been generated from the sample 
holder. XRD curves are shown in figures 6a- 
Og. 


Conclusion 
During the Diatometric study, it was found 
that S4 exhibited maximum shrinkage at the 
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lowest temperature, whereas S1 densified at 
with 
shrinkage rate. At the same time, S3 and S4 


maximum temperature minimum 
exhibited a rapid rate of actual shrinkage 
with respect to S1 and S2. It was also found 
that the former pair of samples took much 
more time for densification than the last pair. 

From the XRD analysis, it is clear that for $1 
at 1420°C, unreacted AIN and a-Al,O3 were 
present within the system, whereas for S4, 
both the ingredients were disappeared 
before 1420°C. The presence of DyAM and 
DyAG identified the 
temperature ranges of 1420-1495°C. Thus, it 
was clear that the increment of additives 


were between 


within the sample composition enhances 
densification rate at a lower temperature. 
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